Hybridization by spore conjugation was used to develop new and improved wine yeasts of Saccharomyces cerevisiae. The procedure was achieved with diploid, homothallic strains with high sporulation frequency and high spore viability. The method was verified by crossing flocculent and non-H2S-forming strains. Single-spore descendants of the hybrids were studied by tetrad analysis with regard to the aforementioned characters and the other two winemaking traits, i.e., ethanol production and fermentation rate. A highly flocculent, non-H2S-forming wine yeast strain with a high fermentation rate and high ethanol production was obtained.
Pure culture wine yeasts selected from natural flora give a better quality of wine than does spontaneous fermentation (13, 14) . Nevertheless, they still have some undesirable characteristics for winemaking. To achieve a wine of high quality with specific properties, new and genetically improved strains must be used.
Yeast selection via breeding can be carried out by crossing spores (23) , crossing cells (10) , crossing spores with cells (18) , and protoplast fusion (15) .
Wine yeasts are often diploid and homothallic (20) , never haploid; the single spores, however, can form diploid cultures by self-diploidization which immediately follows their germination. This suggests that breeding by spore conjugation is a suitable method. However, often good wine yeasts, like other industrial yeasts, yield spores with low viability or do not sporulate at all (7), due to a possible polyploidy or aneuploidy (16) . In view of this problem, a suitable collection of diploid, homozygous strains with a high sporulation frequency and high spore viability is required.
We have focused our attention on two germane traits in winemaking, i.e., flocculation and non-H2S production. In wine yeasts, these two characteristics are distributed as follows: 1% of yeasts shows flocculation at the highest levels (17) , and 1% does not produce H2S (27) . For this reason, it is highly improbable that natural yeast strains possessing both these characteristics can be found. Flocculation and non-H2S production were also chosen because much relevant information about them is available. Early genetic studies on yeast flocculation were conducted by Gilliland (6) and Thorne (19) . In more recent studies, Stewart (16) reviewed the genetic traits of flocculation. Non-H2S production character is unigenic (25) and is brought about by a leaky mutation at the sulfite reductase level (26) . Such non-H2S-forming pure culture yeasts have been long recommended to winemakers by several authors (3) (4) (5) 14) . In this paper, we report the development of a genetic improvement on Saccharomyces cerevisiae wine yeasts by spore conjugation, with an aim at developing a new wine yeast (i.e., one which is highly flocculent and non-H2S forming and also possesses other relevant winemaking characteristics). * Corresponding author.
MATERIALS AND METHODS
Organisms. Thirty S. cerevisiae wine yeast strains belonging to the collection of the microbiological section of our department were used. They include diploid, homothallic, and self-diploidizing strains, with a high frequency of sporulation and high viability. Six of these are extremely flocculent strains, like their single-spore cultures, and had previously been studied (17) . Twenty-three strains, like their single-spore cultures, are non-H2S producing and had also previously been studied (27) . Strain 404 was used as a control; it has a good fermentation rate and efficiency of conversion of sugar to ethanol.
Media. All fermentations were carried out in Trebbiano must containing 18.3% (wt/vol) fermentable sugar (1.1 g/100 ml of total acidity [as tartaric acid]), pH 3.1.
To determine the ability of the strain to produce H2S, a basal synthetic medium was employed. The formulation was similar to that used by Wickerham (22) and contained the following (per liter): glucose (50 g), (NH4)2SO4 (5 g), KH2PO4 (0.85 g), K2HPO4 (0.15 g), MgSO4 7H20 (0.5 g), NaCl (0.1 g), CaC12 (0.1 g), inositol (10 mg), biotin (20 ,ug) , folic acid (2 ,ug), niacin (400 ,ug), H3BO3 (500 ,ug), CuS04 -5 H20 (40 ,ug), KI (100 ,ug), FeCl3 6H20 (200 jig), MnSO4 (400 jLg), ZnSO4 7H20 (400 jig), Na2MoO4. 2H20 (200 ,ug), calcium pantothenate (40 jig), and pyridoxine hydrochloride (10 jig). As pantothenate and pyridoxine are the growth factors that influence the production of H2S in Saccharomyces organisms (21), they were added in minimal amounts.
We also used the ABY (Difco) solid medium, as recommended by Nickerson (12) , to determine the ability to produce H2S. To evaluate flocculation ability, the strains were cultured in YPD medium (1% yeast extract, 2% peptone, 2% dextrose).
Microvinification. Quadruple fermentations were carried out in 100-ml samples of must inoculated with 5% of 48-h precultures in the same must. The fermentation kinetics were measured by determining the rate of CO2 evolution by incubation at 25°C, as described by Castelli (2) . The quantity (in grams) of CO2 produced from 100 ml of must after 2 days expresses the fermentation vigor of the strains.
Ethanol production was determined after 20 days of fermentation in must, with added glucose reaching a final 
RESULTS
Study of the strains. The 6 flocculent and 23 non-H2S-forming strains were first studied to choose those possessing traits that are relevant to winemaking and, therefore, more suitable for breeding. Fermentation rate and ethanol production were chosen as winemaking traits. These two parameters were determined by microvinifications which compared the strains with each other and with control strain 404 ( Table  1 ). The two parameters were shown to be unrelated, because some strains, which fermented slowly, produced greater amounts of ethanol. Since breeding was aimed at obtaining a flocculent and non-H2S-forming strain which also has a good fermentation rate and a high ethanol production, we eliminated the strains possessing the two traits to a lesser extent than that of the control.
Analysis of the strains. A genetic analysis of selected strains was performed to determine the variability of the aforementioned characters in single-spore cultures. Therefore, tetrad analysis (10 tetrads for each strain) or random analysis (100 single-spore descendants for each strain) was carried out. All descendants showed the same flocculation and the same H2S production ability as did the parental strains, while their fermentation rate and ethanol production could differ greatly from that of the parents.
From the results shown in Table 2 , it is understood that single-spore cultures deriving from several strains have a fermentation rate which is not uniform and is generally much lower than that of the parents. With regard to ethanol production, a certain degree of variability can be observed, though generally at an acceptable level. Using these data as a guide, we chose those strains with the most uniform results for breeding, i.e., flocculent 6030 and 6213 and non-H2S-forming 6043, 10278, and 7070. In particular, we used the following single-spore cultures: flocculent 6030-1A and 6213-1A and non-H2S-forming 6043-1A, 10278-1A, and 7070-2A.
The five descendants chosen sporulate very well, and the spores are highly viable. Further analysis of the single-spore descendants of these five, which was carried out on three tetrads per strain, showed that, while the subcultures 6030-1A, 6213-1A, 10278-1A, and 7070-2A give uniform decendancy, the subculture 6043-1A is not homogeneous for the traits under consideration. Strains selected for breeding Tables 3 and 4 . The character H2S production consistently showed a 2:2 segregation ratio in both crosses. With regard to flocculation, the hybrid 804 segregated the character with a 2:2 ratio, while the hybrid 802 segregated F5 and FO with 0:4, 1:3, and 2:2 ratios. These results lead us to believe that strain 10278 contains a suppressor of flocculation (8, 9) . Moreover, Tables 3 and 4 show that several descendants of hybrids 802 and 804 possess both characters, i.e., flocculation and non-H2S production, which interested us. These include descendants 2B, 3B, 4D, 5B, 5D, 7A, 7B, 8B, and 9B of 802 and 2C, 3C, and 4D of 804.
With regard to ethanol production and fermentation rate, the results (Tables 3 and 4) show that only five flocculent and non-H2S-forming descendants also possess a high fermentation rate and high ethanol production. These have a low degree of sporulation and poor spore viability, rendering genetic analysis and hybridization of such strains impossible. Nevertheless, if a relevant collection is available, this problem can be overcome by choosing the most suitable strains for hybridization, i.e., diploid, homothallic, and highly sporulating strains.
As described by Winge and Laustsen (24) , the difficulty of yeast breeding "is particularly pronounced with regard to beer and wine yeasts, as no objective method for analyzing the quality of yeast is available." Many winemaking traits are known at present and can be determined quantitatively so that genetic improvement with a breeding program is achievable. The real difficulty, however, is the lack of genetic information about many traits that are fundamental to winemaking.
In our example, then, ethanol production (i.e., ethanol excretion and regulation in yeasts) and fermentation rate (i.e., fermentation kinetics) are still not entirely clear genetically. Indeed, while it was easy to program and, consequently, obtain a new yeast strain possessing characters of a known genetic basis (flocculation and non-H2S production), we had to proceed by trial and error for the other two winemaking characters (ethanol production and fermentation rate). Our study gave the results expected. In fact, we obtained a new wine yeast strain which is flocculent and non-H2S forming and also has a high fermentation rate and high ethanol production. The recombinant strains derived are a considerable improvement over the parental strains and possess characteristics which make them particularly suitable for the production of sparkling wine.
